1. Introduction {#s0005}
===============

The nasal epithelium is composed of olfactory (OE) and airway (respiratory) (AE) epithelia. The former (OE) is a simple, pseudostratified neuroepithelium that consists of olfactory receptor neurons (ORNs), glia-like supporting cells, globose basal cells (GBCs) and horizontal basal cells (HBCs). GBCs are a major proliferating cell population in the neuroepithelium and contain multipotent progenitors that generate neurons and supporting cells. HBCs, which are defined by their specific expression of keratin 5 (K5) and keratin 14 (K14), serve as a reservoir that replenishes GBC progenitors and (indirectly) neuronal and non-neuronal differentiated cells [@bib1]. The AE is a simple, pseudostratified epithelium that consists of differentiated ciliated epithelial cells, mucous cells and basal cells. The basal cells have stemness/progenitor characteristics and play essential roles in epithelial remodeling [@bib2]. Both the OE and AE have indirect contact with the external environment and many factors, including injury, mechanical stress, transcription factors and growth factors, regulate their neurogenesis and epithelial regeneration [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9]. Thus, determining which receptors and sensors are expressed in these basal cells could contribute to the understanding of their function and regulation.

The transient receptor potential vanilloid type 4 (TRPV4) channel is a Ca^2+^-permeable cation channel that can be activated by moderate temperatures (\>25 °C), extracellular hypotonicity, shear stress, mechanical stress, the synthetic phorbol ester 4α-phorbol 12,13-didecanoate (4α-PDD), the botanical agent bisandrographolide A, and anandamide metabolites, including arachidonic acid (AA) [@bib10], [@bib11], [@bib12], [@bib13], [@bib14]. It is expressed in some stratified epithelial cells, such as differentiated keratinocytes in skin [@bib15] and undifferentiated basal cells in the urothelium [@bib16] and esophageal epithelium [@bib17], [@bib18]. Activation of this channel leads to an increase in the intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) and is involved in the regulation of a variety of Ca^2+^-dependent cellular events, including proliferation [@bib17] and differentiation. Therefore, TRPV4 receptors are likely candidates for the regulation of nasal epithelial functions. In the present study, we examined the expression and characteristics of TRPV4 channels in the mouse nasal epithelium using TRPV4-knockout (TRPV4-KO) mice.

2. Materials and methods {#s0010}
========================

2.1. Animals {#s0015}
------------

Adult male (8--10 weeks of age), neonatal (postnatal days 2 and 8; P2 and P8) and prenatal (embryonic day 18; E18) C57BL/6J mice were obtained from Japan SLC Inc. (Hamamatsu, Japan). TRPV4-KO mice (allele symbol *Trpv4*^*tm1Msz*^) were kindly provided by Drs. Suzuki and Mizuno through the RIKEN BioResource Center (BRC) (RBRC01939), and their genotypes were determined by PCR as previously reported [@bib19], [@bib20]. The mice were maintained under a 12-h light-dark cycle with sufficient water and food. All experimental protocols were approved by the Medical Animal Care Committee of Nagoya City University (permit number: H25M-05).

2.2. Reverse transcription PCR {#s0020}
------------------------------

Mouse RNA was isolated from the upper portions of the nasal mucosa in adult mice using Isogen (Wako Chemical, Osaka, Japan). Then, 3 μg of RNA were subjected to reverse transcription using random primers and SuperScript III (Invitrogen, Carlsbad, CA, USA). Next, 1/20 of the sample was amplified by PCR for 30 cycles with primer sets for carbonic anhydrase II \[CAII (GenBank Accession No. NM_009801), 5′-gcattgtcaacaacggccact-3′ and 5′-ttctgaaggccttgtgaggca-3′ (position 500--800, yielding a 301 bp amplicon)\] and TRPV4 and β-actin, as previously reported [@bib18].

2.3. In situ hybridization {#s0025}
--------------------------

C57BL/6J mice at E18 were decapitated under deep anesthesia, and their heads were quickly frozen. Histological preparation of 16-μm sagittal sections and *in situ* hybridization were performed as previously described [@bib21]. A \[^35^S\]UTP-labeled complementary RNA probe for mouse TRPV4 (mTRPV4) was generated from nucleotide sequences 530-1726 (GenBank Accession No. NM_022017).

2.4. Immunohistochemistry {#s0030}
-------------------------

Fresh frozen coronal sections were obtained from P2 and P8 wild-type and TRPV4-KO mice using a cryostat. After the sections were air-dried, they were fixed with Bouin\'s fixative for 15 min at 4 °C and incubated with a rabbit anti-TRPV4 antibody (1:400) (Alomone Lab, Jerusalem, Israel) in phosphate-buffered saline (PBS) containing 5% normal donkey serum and 0.3% Triton X-100 overnight at 4 °C followed by an Alexa 594-conjugated donkey anti-rabbit IgG secondary antibody (Invitrogen). Specificity was confirmed by signal ablation in the TRPV4-KO mice. To confirm TRPV4 expression in basal cells, some fixed sections were reacted with rabbit anti-TRPV4 and guinea pig anti-keratin pan (PROGEN, Heidelberg, Germany) antibodies in PBS containing 5% normal goat serum and 0.3% Triton X-100 overnight at 4 °C, followed by incubation with Alexa 594-conjugated goat anti-rabbit IgG and Alexa 488-conjugated goat anti-guinea pig IgG secondary antibodies (Invitrogen).

2.5. Measurements of \[Ca^2+^\]~i~ {#s0035}
----------------------------------

The present calcium imaging analysis is based on previous experiments [@bib17], [@bib18], [@bib22]. Briefly, single cell suspensions of epithelial cells from the upper portions of the nasal mucosa of adult wild-type and TRPV4-KO mice were obtained after enzymatic digestion with 0.05% trypsin for 20 min at 37 °C and fixed on coverglasses with Cell Tak medium. The fixed cells were incubated with the fluorescent Ca^2+^ indicator fura-2 acetoxymethyl ester (5 or 10 μM) (Invitrogen) for 30 min at room temperature. Changes in \[Ca^2+^\]~i~ in response to hypo-osmotic stimulation (228 mOm) and 4α-PDD (3 and 10 μM), both of which are TRPV4 activators, were recorded using an Olympus IX-70 microscope equipped with an ARGUS/HisCa system (Hamamatsu Photonics, Hamamatsu, Japan). As it was difficult to obtain a mean trace of basal cytosolic Ca^2+^ (controls) and a mean trace showing the effect of activators, we measured peak changes in the Ca^2+^ fluorescent ratio evoked by the TRPV4 activators (Δratio).

For the calcium image analysis, a standard 2-\[4-(2-hydroxyethyl)-1-piperazinyl\] ethanesulfonic acid (HEPES)-buffered solution with the following composition was used; NaCl 137, KCl 5.9, CaCl~2~ 2.2, MgCl~2~ 1.2, glucose 14, HEPES 10 (mM), pH 7.4 (pH 7.4 with NaOH). To apply the hypotonic solution, the cells were perfused with isotonic solution \[NaCl 91.3, KCl 5.9, CaCl~2~ 2.2, MgCl~2~ 1.2, glucose 14, HEPES 10, mannitol 91 (mM), pH 7.4 (310 mOsm) (pH 7.4 with NaOH)\] and then with hypotonic solution \[NaCl 91.3, KCl 5.9, CaCl~2~ 2.2, MgCl~2~ 1.2, glucose 14, HEPES 10 (mM), pH 7.4 (228 mOsm) (pH 7.4 with NaOH)\]. All experiments were performed at 25±1 °C [@bib22].

2.6. Bromodeoxyuridine (BrdU) labeling {#s0040}
--------------------------------------

Wild-type and TRPV4-KO mice at P8 were intraperitoneally injected with BrdU (Sigma; 250 μg) 30 min before they were sacrificed. Cryosections were fixed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer for 30 min at 4 °C, incubated with 2 N HCl for 30 min at 37 °C, and then incubated with anti-mouse IgG Fab (1:200) (Jackson Immunoresearch, West Grove, PA, USA) for 2 h before immunostaining with an anti-BrdU antibody (mouse, 1:400; BD Biosciences, San Jose, CA, USA). An Alexa 488-conjugated donkey anti-mouse IgG F(ab')~2~ secondary antibody (Jackson Immunoresearch) was used for visualization. Stained sections were viewed and photographed using a NIKON A1RSi confocal microscope (NIKON Corp., Tokyo, Japan). The mean number of immunoreactive cells±standard error of the mean (SEM) was determined by counting the number of immunoreactive profiles using Image J software (NIH, MD, USA) (*n*=3 each, 10 fields of view in total).

3. Results {#s0045}
==========

3.1. TRPV4 mRNA expression in mouse nasal epithelium {#s0050}
----------------------------------------------------

We isolated total RNA from the upper portions of adult mouse nasal epithelia and performed RT-PCR using a primer set specific for TRPV4. As shown in [Fig. 1](#f0005){ref-type="fig"}A, the TRPV4 transcript could be amplified from tissues that also contained transcripts encoding carbonic anhydrase II (CAII), which is expressed only in guanylyl cyclase-D (GC-D) neurons in the OE [@bib23]. We also examined TRPV4 mRNA expression during different developmental stages using *in situ* hybridization with a \[^35^S\]UTP-labeled riboprobe ([Fig. 1](#f0005){ref-type="fig"}B). Histochemical analysis results suggested that TRPV4 transcripts were already expressed in a subset of OE cells at E18 ([Fig. 1](#f0005){ref-type="fig"}B). Distinct silver grain accumulation (indicating positive labeling) was detected in the basal parts of the epithelium, as shown using an anti-sense probe, compared with the accumulation observed using the corresponding sense probe ([Fig. 1](#f0005){ref-type="fig"}B). The choroid plexus in the brain, which is known to express TRPV4 channels [@bib10], was intensely labeled when only the anti-sense probe was used ([Fig. 1](#f0005){ref-type="fig"}B).Fig. 1(A) RT-PCR analysis of TRPV4 transcripts in adult mouse nasal mucosa. Controls, carbonic anhydrase II (CAII) and β-actin fragments are also shown. (B) Examination of the expression of TRPV4 transcripts in the mouse nasal mucosa at embryonic day 18 (E18) by *in situ* hybridization. Some cells located in the basal layer demonstrated intense TRPV4 expression when the TRPV4 anti-sense probe was used. Epithelial cells in the choroid plexus, which is known to express TRPV4 mRNA, also exhibited positive reactions when the anti-sense probe was employed. Scale bars: 30 μm.Fig. 1

3.2. TRPV4 protein expression in mouse nasal epithelium {#s0055}
-------------------------------------------------------

We performed immunostaining analysis using a rabbit polyclonal antibody against peptides mapping to a region near the C-terminus of the TRPV4 channel to confirm TRPV4 protein expression in the mouse nasal epithelium. We have previously confirmed that this anti-TRPV4 antibody results in a prominent band approximately 100 kDa in size in total extracts from cultured HEK293T cells transfected with mTRPV4 cDNA but not in extracts from cells transfected with an empty vector [@bib17], [@bib18]. As shown in [Fig. 2](#f0010){ref-type="fig"}A and B, the TRPV4 protein was detected mainly in the basal portion of both the OE and ciliated AE. This antibody also stained the cartilage (C) surrounding the nasal cavity (NC) and the basal layers of the squamous epithelium (SE) ([Fig. 2](#f0010){ref-type="fig"}A and B), in concordance with a previous study [@bib12], [@bib18]. In contrast, no signals were detected in these structures in the TRPV4-KO mice ([Fig. 2](#f0010){ref-type="fig"}C and D), suggesting that the TRPV4 protein is predominantly expressed in the basal cells of the mouse nasal epithelium.Fig. 2Immunohistochemical analysis of TRPV4 in the mouse nasal mucosa. (A, B) Cellular localization of the TRPV4 protein in wild-type mice. TRPV4 was expressed in the basal layers of the olfactory epithelium (OE) (arrow heads) and the airway epithelium (AE) (arrows). TRPV4 immunoreactivity (IR) was also observed in the cartilage (C) and basal layers of the squamous epithelium (SE) (arrow heads in B). NC; nasal cavity (C, D). These structures were not stained in the TRPV4-KO mice (arrow heads and arrows). (E, F) Double-staining immunohistochemistry analysis of TRPV4 with keratin pan. TRPV4-IR is co-localized with keratin pan-positive (K14-positive) basal cells in the AE and OE.Fig. 2

A previous report demonstrated that K5/K14-positive basal cells in the AE emerge before birth, in advance of HBCs in the OE. During the late prenatal stages in the mouse OE, HBCs are present only near the boundary with the AE, and the population of HBCs gradually expands and forms a basal layer throughout the OE by 2 weeks of age [@bib24], [@bib25]. Thus, we determined which basal cell types express TRPV4 channels using coronal sections of mouse OE obtained during the late postnatal stage (P8). At this stage of development, most basal cells in the AE and OE were stained by anti-keratin pan antibody, which recognizes K14 ([Fig. 2](#f0010){ref-type="fig"}E and F). In addition, TRPV4 immunoreactivity (IR) was co-localized with that of K14-IR in most basal cells in the AE, whereas it overlapped with that of K14-IR only in a subset of HBCs near the boundary with the AE ([Fig. 2](#f0010){ref-type="fig"}E and F).

3.3. Functional TRPV4 expression in mouse nasal epithelium {#s0060}
----------------------------------------------------------

To determine the functional expression of TRPV4 in the mouse nasal epithelium, we examined changes in \[Ca^2+^\]~i~ in response to a hypo-osmotic solution (228 mOsm) and 4α-PDD, both of which are TRPV4 agonists, using a Ca^2+^ imaging system and a Ca^2+^ fluorescent probe (fura-2/AM) in acutely dissociated epithelial cells from the upper portion of the nasal epithelium. The application of a hypo-osmotic solution (reducing the osmolarity from 310 to 228 mOsm) for 5 min caused an elevation of \[Ca^2+^\]~i~ in a subset of the total nasal epithelial cells examined. A subsequent longer application of ruthenium red (RuR), a non-selective antagonist of TRPV4 channels, suppressed the hypotonicty-induced activation in 9.1±0.5% of the total nasal epithelial cells (average±SEM, *n*=5 assays) (Δratio: 1.2±0.02, average±SEM, *n*=17 cells, \*\**p*\<0.0001 vs. hypotonicity-insensitive cells, unpaired Student\'s *t* -test) ([Fig. 3](#f0015){ref-type="fig"} A). Furthermore, the sequential application of 4α-PDD (5 and 10 μM) for 10 min also induced an increase in \[Ca^2+^\]~i~ and this response was markedly inhibited by 10 μM RuR in 10.0±2.3% of the total nasal epithelial cells examined (average±SEM, *n*=3 assays) (Δratio: 1.3±0.04, average±SEM, *n*=10 cells, \*\**p*\<0.0001 vs. 4α-PDD-insensitive cells, unpaired Student\'s *t*-test) ([Fig. 3](#f0015){ref-type="fig"}B). We also examined the effect of a brief application of 10 μM 4α-PDD (90 s) to acutely dissociated nasal epithelial cells from wild-type and TRPV4-KO mice ([Fig. 3](#f0015){ref-type="fig"}C and D). A brief application of 4α-PDD induced an increase in \[Ca^2+^\]~i~ in 10.7% of the total cells (58 of 543 total) in wild-type mice (*n*=6 assays, 12 animals). In the TRPV4-KO mice, in contrast, 4α-PDD-induced \[Ca^2+^\]~i~ transients were only observed in 3% of the total cells (8 of 237 total), a significant reduction (\*\**p*=0.0027 vs. cells from wild-type mice, unpaired Student\'s *t*-test, *n*=3 assays, 6 animals) ([Fig. 3](#f0015){ref-type="fig"}C and D). Thus, a subpopulation of mouse nasal epithelial cells (approximately 10% of the total cell population) exhibited features of TRPV4-expressing cells.Fig. 3Intracellular Ca^2+^ (\[Ca^2+^\]~i~) response in primary cultured mouse nasal epithelial cells. (A, B) Representative traces demonstrating that some cells responded to hypo-osmotic stimulation for 5 min (magenta and blue traces in A) and 4α-PDD for 10 min (magenta trace in B) and that the simultaneous application of ruthenium red (RuR) for 10--14 min suppressed the stimuli-induced Ca^2+^ increase (A and B) in wild-type mice. A summary of peak changes in the Ca^2+^ fluorescent ratio evoked by the TRPV4 activator (Δratio) is shown as a graph on the right in each panel. The number in parentheses indicates the number of cells analyzed. \*\**p*\<0.0001 *vs*. stimulus-insensitive (hypo- or 4αPDD-) cells, unpaired Student\'s *t*-test). Bar=SEM. (C) Representative traces demonstrating that the brief application of 10 μM 4α-PDD (90 s) also caused an increase in \[Ca^2+^\]~i~ in a subset of the epithelial cells isolated from wild-type mice (yellow and black traces) (WT), whereas 4α-PDD-induced responses were rarely observed in cells obtained from TRPV4 KO mice (TRPV4-KO). (D) A significant difference between the results of wild-type (WT) and TRPV4-KO mice was observed (\*\**p*=0.0027 *vs*. WT mice, unpaired Student\'s *t* -test). The number in parentheses under the bar graph indicates the number of assays performed. Bar=SEM.Fig. 3

3.4. BrdU incorporation in mouse OE {#s0065}
-----------------------------------

The finding of functional TRPV4 expression in basal cells suggests that the TRPV channel might affect the function and regulation of these progenitor cells, including their proliferation and differentiation. Moreover, there are two types of basal cells (GBC and HBC) in the OE. Thus, we examined the effect of TRPV4 on proliferation by BrdU labeling in P8 mice under normal conditions. Proliferating cells were labeled by intraperitoneal BrdU injection 30 min before the mice were sacrificed, and immuno-labeled cells in the OEs from the wild-type and TRPV4-KO mice were counted. However, no significant difference in BrdU labeling was observed between these two groups of mice ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4*In vivo* BrdU proliferation assay in the olfactory epithelium (OE) of P8 mice. (A) Representative images of staining patterns with an anti-BrdU antibody in OEs isolated from wild-type and TRPV4-KO mice 30 min after an intraperitoneal BrdU injection. Note that BrdU-positive cells were observed in the apical (arrows) and basal (arrow heads) regions of the OEs in both wild-type and TRPV4-KO mice. NC; nasal cavity (B) BrdU-immunoreactive cells in the apical and basal portions of the OE, as shown in (A), were counted in 10 fields of view per animal, and each mean±SEM is indicated (*n*=3 each). In the OE, there was no significant difference in BrdU labeling between wild-type and TRPV4 KO mice under normal developmental conditions.Fig. 4

4. Discussion {#s0070}
=============

The current study describes the isolation and characterization of TRPV4 in the mouse nasal epithelium. We concluded that TRPV4 channels were expressed in the basal cells of the nasal epithelium because TRPV4-IR in the epithelium was found to be primarily contained within K14-positive histological structures in our preparation, and responses to TRPV4-activators (hypotonic stress and 4α-PDD) were observed in a small subpopulation of acutely isolated nasal epithelial cells \[approximately 10% of total nasal epithelial cells, which is an agreement with the basal cell population within the total nasal epithelial cell population (6--30% of total nasal epithelial cells [@bib26])\]. Interestingly, TRPV4-IR was detected in basal cells of both the OE and AE, but there were some differences between these epithelial types. TRPV4-IR was observed in almost all of the basal cells in the AE, whereas TRPV4-IR was selectively localized to K14-positive basal cells adjacent to the basement membrane in the OE. K14 is used as a specific maker for HBCs in the OE and K14-IR was indeed detected throughout the OE in P8 mice. In contrast, TRPV4 expression was restricted to a unique subpopulation of K14-positive HBCs that were only located near the boundary with the AE (the AE-OE boundary). HBCs are thought to emerge perinatally via two distinct patterns; a continuous population extending dorsalward from the AE-OE boundary and individual, scattered cells found throughout the OE [@bib27]. Calcium signaling occurs in various cellular processes leading to cell migration. TRPV4 channels are also known to be involved in cell migration [@bib28]. Thus, Ca^2+^-permeable TRPV4 channels in HBCs that are located near the AE boundary may play a role in the migration of HBCs to the OE.

The physiological roles of TRPV4 channels in the basal cells of the nasal AE are currently unknown. Because TRPV4 is activated by a number of chemical and physical stimuli, including hypoosmotic, shearing and mechanical stresses, 4α-PDD and anandamide metabolites and leads to \[Ca^2+^\]~i~ mobilization, it could function as a polymodal sensor and play a role in stimulus-induced Ca^2+^-dependent cellular events in the basal cells of the upper AE. In this context, we previously demonstrated that the activation of TRPV4 affects cell viability and is linked to both cell proliferation and cell death in HET-1A human esophageal epithelial cells, which maintain characteristics of epithelial basal cells [@bib17].

TRPV4 expression has been reported in the ciliated epithelial cells and vascular endothelial cells of the lower airway mucosa [@bib29], [@bib30]. This protein participates in ciliary beat frequency regulation in mouse AE cells [@bib29] and promotes acute, Ca^2+^-dependent vascular permeability during pulmonary edema [@bib30], [@bib31], [@bib32]. This study is the first report demonstrating TRPV4 channel expression in basal cells of the nasal epithelium. In the AE, basal cells are progenitor cells, and they can repopulate other cell types after injury in mice and humans [@bib4], [@bib33]. Receptors for keratinocyte growth factor (KGF) [@bib8] and epidermal growth factor (EGF) [@bib9], [@bib34], which are involved in the repair of injured epithelia, are co-localized with a population of basal cells in the AE, but little is known about their regulation. In addition, these stem cells may contribute to epithelial immunity by secreting the antimicrobial protein RNase 7 in response to transient epithelial injury [@bib35]. As our preliminary experiment showed no significant differences in BrdU-labeled proliferation between the P8 AEs of wild-type and TRPV4-KO mice under normal conditions, TRPV4 may act as a sensor for development and injury-induced epithelial remodeling in the upper AE.

Taken together, we found that the TRPV4 mRNA and protein were functionally expressed in a subset of HBCs in the OE and in basal cells of the AE. Thus, we speculate that TRPV4 may participate in a variety of cellular functions in basal cells, including immune responses and cell proliferation and regeneration. Interestingly, the expression of TRPV4 in basal cells has also been reported in other stratified epithelia, such as the urothelium [@bib16] and esophageal epithelium [@bib17], and TRPV4 may be a fundamental sensor molecule expressed in basal progenitor cells of epithelial tissues.
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